INTRODUCTION
In vitro characterization of mammalian cells is extremely important for cell and gene therapy, diagnosis of disease or more particularly, malignancy, and in general, studying cell behavior. Cell characterization methods can be broadly divided into contact and non-contact techniques. Contact techniques characterize cells based on their mechanical properties. These include the use of micro-tweezers, micropipette aspiration, stretching and compressing cells by micro-plates, stretching cells using micropipette, bending extended portions of the cell by micro needle, twisting embedded particles or particles attached to cell surface using a magnetic field, poking cells by optical or magnetic tweezers, magnetic twisting cytometry and atomic force microscopy [1] . These methods disturb the cell and alter its natural progression. One popular non-contact characterization technique largely relies on optical visualization, which requires staining the portion of the tissue to be observed, as it is challenging to achieve good contrast by local difference in refraction and/or transmission spectrum. Staining is done by chemicals, and the tissue, after being stained, often completely loses its biological functions. Acoustic microscopy techniques, where an ultrasound (US) transducer or an array transducer is used to image the specimen have been developed since 1990 as an alternative to optical imaging [2, 3] . Analysis is carried out based on the principles of time-resolved acoustic microscopy for measuring velocity of sound in the medium, and spectroscopy is applied for determining elasticity, acoustic impedance and physical dimensions [4] [5] [6] [7] . Recently, non-contact characterization of cells based on measurement of acoustic impedance of the cells has been demonstrated. An acoustic impedance microscope was used to obtain the acoustic impedance profile of rat cerebral astrocyte culture in an experiment reported by Nakano et al [8] . Okawai et al and other groups at Sendai University, Japan have been working on calculating the acoustic properties of biological tissue based on measuring the attenuation constant and sound speed by transmitting US waves through the tissue [5, 9] . However, acoustic scanning methods are expensive and bulky, and require long durations to scan and analyze the sample. In this paper, an attempt to characterize human stem cells based on measurement of electrical impedance as a parameter has been made. To our knowledge, electrical impedance has not been previously investigated as a criterion for cell characterization. The proposed method is non-contact, free from use of destructive staining procedures, and does not require any complicated system. Results are instantaneous and real-time. Specifically, human adipose derived stem cells (hASC) were grown on the surface of piezoelectric resonator plates and the change in resonator electric impedance was measured. This change was attributed to the change in material properties of the hASC layer. A pulse-echo experiment was carried out to evaluate hASC layer acoustic impedance, which was used as an input parameter in a computational simulation model.
II. MATERIALS AND METHODS

A. Measurement technique
The operation of the proposed technique can be explained by expounding the theory of piezoelectric transducer design. The functioning of a piezoelectric transducer is explained mathematically by Mason [10, 11] . The Mason model is an equivalent circuit that separates the piezoelectric material into an electric port and two acoustic ports through the use of an ideal electromechanical transformer, as shown in Fig. 1 . The center branch is the electrical port where voltage is applied or produced and the left and right branches are the acoustic ports, i.e., the transducer faces that either transmit or receive stress. Thus a voltage transformed to the acoustic side of the transducer becomes a force. On the electric side, the relation V = Z e* I holds, where Z e is the electrical impedance; while on the acoustic side, force is related to velocity v through F = Z a* v and Z a is the specific acoustic impedance (Z a = ρv * A). Thus, it is possible to express mechanoacoustic parameters as electric terms by using network theory.
For thickness mode resonator, the Mason model is expressed mathematically as: The electrical impedance measured at electrical port for free resonator is given by
where
A similar approach is followed to evaluate the electric impedance for a resonator with acoustic loads at the front and back ports. Resonator behavior for change in mechanical properties of the hASC layer was simulated in Matlab to observe the change in resonator electric impedance as the cells underwent osteogenic differentiation. Pulse-echo experiment is carried out to obtain cell thickness and sound speed data, which are necessary input parameters for the model. The results observed from the experiment are discussed first, followed by a comparison with the simulation results.
B. Cell culture and differentiation
Human adipose derived stem cells (hASC) were cultured in Falcon tissue culture dishes of 35mm diameter, in complete growth medium (CGM) -Eagle's Minimum Essential Medium, alpha-modified (α-MEM, Invitrogen Corp.) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 units/mL penicillin, and 100 μg/mL penicillin/streptomycin. The incubator was maintained at 100% humidity at 37°C and had a 95% air and 5% CO 2 atmosphere. Human ASC confluence was observed on day 4 by inverted microscopy, after which the medium was changed in half the culture wells to osteogenic differentiation medium (ODM) -complete growth medium supplemented with 50 μM ascorbic acid, 0.1 μM dexamethasone, and 10 mM β-glycerolphosphate. Additionally, cultures were also grown directly on two thickness mode PMN-PT resonator plates (10mm x 10mm x 0.45mm) having gold electrodes. The plates were sterilized by immersing them in 70% EtOH for a day before seeding. The two piezoelectric resonators were measured for electrical impedance values for 14 days.
C. Experimental setup
Two parameters were measured in this experiment: cell electric impedance, as a signature of monitoring change in hASC properties, and pulse-echo response of the cell, to demonstrate cell presence and calculate sound speed by FFT analysis. A schematic of the experimental setup is shown in Fig. 2 . ASC underwen m, the cell layer fferentiating ce specific densit m has a known s in the cells fro tween the non-d ntiating samp dent on these de that the ac ntiated cell lay ectric impedanc yer, and thus t ance is valid. From the images of stained hASC cultured in CGM or ODM in Fig. 5 , it can be seen that calcium accretion was not excessive. This can explain the small change in observed resonator impedance. However, we would expect resonator impedance to increase more with greater calcium accretion.
B. Pulse-echo analysis and validation by simulation
Time domain measurement was done by pulse-echo experiment and then Fourier transformed into the frequency domain. Sound speed and thickness were calculated by phase analysis, as demonstrated previously by Hozumi et al [4, 7] . The normalized echo intensity and phase spectra from the cell samples are compared with those of the direct reflection from the polystyrene well substrate where the cell layer is absent. Cell thickness d is given as 
where, n = non-negative integer f m = frequency 'n'th minimum in intensity spectrum Φ m = corresponding phase angle c 0 = speed of sound in coupling fluid
From the Fourier transformed data, the second minimum in the intensity spectrum for hASC in ODM occurs at 72 MHz and the corresponding phase angle is 9.44 degrees and 18.62 degrees for day 1 and day 14 measured data, respectively. Applying these and the measured velocity of sound in the media in eqns. (4) and (5), the calculated results are given in Table. 1. Measured thickness and sound velocity values are used to calculate the change in cell acoustic impedance, which is used in the simulation model. Transducer electrical impedance change for hASC in ODM and under ideal conditions is modeled. PMN-PT resonator dimensions are kept the same as that of measured dimensions (10mm x 10mm x 0.45mm). Cell density values need to be given as an input for the model and are approximated from those presented in [12, 13] . Measured cell layer thickness and speed of sound values were used as input parameters.
Comparison of observed data with simulated results is presented as Table 2 . 
